RS. Variable penetrance of metabolic phenotypes and development of high-fat diet-induced adiposity in NEIL1-deficient mice. Am J Physiol Endocrinol Metab 300: E724 -E734, 2011. First published February 1, 2011; doi:10.1152/ajpendo.00387.2010.-Exposure to chronic and acute oxidative stress is correlated with many human diseases, including, but not limited to, cancer, heart disease, diabetes, and obesity. In addition to cellular lipids and proteins, cellular oxidative stress can result in damage to DNA bases, especially in mitochondrial DNA. We previously described the development of spontaneous late-onset obesity, hepatic steatosis, hyperinsulinemia, and hyperleptinemia in mice that are deficient in the DNA glycosylase nei-like 1 (NEIL1), which initiates base excision repair of several oxidatively damaged bases. In the current study, we report that exposure to a chronic oxidative stress in the form of a high-fat diet greatly accelerates the development of obesity in neil1 Ϫ/Ϫ mice. Following a 5-wk high-fat diet challenge, neil1 Ϫ/Ϫ mice gained significantly more body weight than neil1 ϩ/ϩ littermates and had increased body fat accumulation and moderate to severe hepatic steatosis. Analysis of oxygen consumption by indirect calorimetry indicated a modest reduction in total oxygen consumption in neil1 Ϫ/Ϫ mice that was abolished upon correction for lean body mass. Additionally, hepatic expression of several inflammatory genes was significantly upregulated in neil1 Ϫ/Ϫ mice following high-fat diet challenge compared with chow-fed or neil1 ϩ/ϩ counterparts. A long-term high-fat diet also induced glucose intolerance as well as a significant reduction in mitochondrial DNA and protein content in neil1 Ϫ/Ϫ mice. Collectively, these data indicate that NEIL1 deficiency results in an increased susceptibility to obesity and related complications potentially by lowering the threshold for tolerance of cellular oxidative stress in neil1 Ϫ/Ϫ mice.
mice that was abolished upon correction for lean body mass. Additionally, hepatic expression of several inflammatory genes was significantly upregulated in neil1 Ϫ/Ϫ mice following high-fat diet challenge compared with chow-fed or neil1 ϩ/ϩ counterparts. A long-term high-fat diet also induced glucose intolerance as well as a significant reduction in mitochondrial DNA and protein content in neil1 Ϫ/Ϫ mice. Collectively, these data indicate that NEIL1 deficiency results in an increased susceptibility to obesity and related complications potentially by lowering the threshold for tolerance of cellular oxidative stress in neil1 Ϫ/Ϫ mice.
nei-like 1; oxidative stress; base excision repair; metabolic syndrome; mitochondrial DNA AS THE COLLECTION OF DISEASES comprising the metabolic syndrome continues to threaten public health, there is significant interest in understanding the cellular factors that lead to the development of these pathologies. It is becoming increasingly clear that structural and metabolic alterations within organelles can contribute to total cellular function and consequently to whole body physiology. In this regard, decreased mitochondrial capacity is hypothesized to contribute to a variety of conditions, including obesity, insulin resistance, hypertension, diabetes, and age-related pathologies such as Alzheimer's and Parkinson's disease (reviewed in Refs. 31, 45, and 48) . Optimal mitochondrial function is important to several cellular processes, including cell signaling, calcium homeostasis, apoptosis, and fatty acid oxidation, as well as ATP synthesis, to meet cellular energy demands (5, 16, 35) . These mitochondrial functions are maintained by mitochondrial proteins, the majority of which are encoded for in the nucleus and then imported into the mitochondria (32) . However, mitochondria also express a distinct genome that encodes for multiple tRNAs and rRNAs as well as several subunits of complexes I, III, IV, and V of the electron transport chain (31, 45, 48) . Because of the lack of protective features such as histones, intronic regions, and nucleotide excision repair, as well as the close proximity of mitochondrial DNA (mtDNA) to the site of reactive oxygen species (ROS) production, mtDNA is particularly vulnerable to oxidative damage. In response to oxidative stress, mtDNA has been shown to have a 10-to 15-fold higher mutation rate than nuclear DNA, resulting in reduced efficiency of the oxidative phosphorylation system and a decreased capacity of cells to maintain ATP levels (31, 42, 45, 48) . In mammalian cells, oxidative damage to mtDNA is repaired predominantly via the base excision repair (BER) pathway initiated by the activity of several DNA glycosylases, including nei-like (NEIL)1, NEIL2, OGG1, and NTH1 (reviwed in ref. 8) . The primary substrates for NEIL1 are the ring-fragmented purines 4,6-diamino-5-formamidopyrimidine (FapyA) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) (9) and the secondary oxidation products of 8-oxoguanine (8-oxoG) , guanidinohydantoin, and the two diastereomers of spiroiminodihydantoin (15, 23, 24) . In addition, in vitro experiments have revealed that subsets of the ring-saturated pyrimidines, such as both enantiomers of thymine glycol, are substrates for NEIL1 (17, 21, 39) .
Previously, we created and characterized mice lacking NEIL1 (neil1 Ϫ/Ϫ ) with respect to metabolic disorders, cancer, and immune modulation (4, 34, 49) . The majority of the male neil1 Ϫ/Ϫ mice exhibited midlife onset of obesity, with most males weighing ϳ50 g at 7-9 mo of age and exhibiting severe fatty liver disease and hyperleptinemia (49) . Although these studies were performed in mice of mixed genetic background, they have now been fully backcrossed onto a C57BL/6 background. Neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice were analyzed for baseline metabolic functions and then challenged with a high-fat diet (HFD). We report here the effects of an acute HFDinduced oxidative stress on organ pathology and energy homeostasis in neil1 Ϫ/Ϫ mice.
MATERIALS AND METHODS

Generation of neil1
ϩ/ϩ and neil1 Ϫ/Ϫ mice. To generate the mice required to conduct the HFD challenge, neil1 ϩ/Ϫ males were bred with female neil1 ϩ/ϩ C57BL/6 mice (Charles River Laboratories), and the genotypes of all offspring were determined by PCR, as described previously (49) . Subsequent generations were backcrossed in the same manner until 8th-generation backcrossed heterozygotic mice were obtained. A sufficient number of heterozygotic matings were established to yield at least 10 each of the male neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice. All experiments involving animals were approved by the Institutional Animal Care and Use Committee at Oregon Health and Science University.
Feeding and motor activity measurements. Animals were individually housed in metabolic cages equipped with a running wheel (Mini-Mitter, Sunriver, OR) for Ն1 wk prior to each experiment being started and habituated for Ն4 days to eating powdered chow. Mice were allowed ad libitum access to the powdered chow that was weighed and replaced daily. Feeding duration and frequency were quantified via a clock recording the number of times and the duration for which an infrared light beam was interrupted when the animal was in the feeding chamber. Voluntary physical activity was measured by recording the magnetic switch closures of a magnet placed on the revolving wheel to quantify wheel revolutions.
Body composition. Lean body mass and fat mass were determined immediately prior to and at the end of the HFD challenge by dual-energy X-ray absorptiometry (DEXA; PIXImus mouse densitometer; MEC Lunar, Minster, OH) or by low-resolution NMR (EchoMRI 3-in-1 system; Echo Medical Systems, Houston, TX) (44) . Animals were fasted overnight prior to DEXA analyses to minimize the effect of ingested food.
Indirect calorimetry. Oxygen consumption (V O2) and carbon dioxide production (V CO2) were simultaneously determined by indirect calorimetry (Oxymax; Columbus Instruments, Columbus, OH). Animals were individually housed in chambers at 24 Ϯ 1°C and had ad libitum access to chow diet and water. Following a 48-h acclimation period, V O2 and V CO2 were recorded for 24 h, including a 12-h dark and 12-h light phase. Samples were recorded every 2 min, with a room air reference taken every 12 min. Respiratory exchange ratio was calculated as the molar ratio of V CO2/V O2.
HFD feeding and glucose tolerance. At 23-25 wk of age, neil1
and neil1 Ϫ/Ϫ mice were switched to a HFD (60% fat, 20% protein, and 20% carbohydrate by calories, 5.24 kcal/g metabolizable energy; diet no. D12492; Research Diets, New Brunswick, NJ) for 5 wk. Control animals were maintained on standard rodent chow (Purina 5001, composed of 13% fat, 29% protein, and 58% carbohydrate by calories, 3.04 kcal/g metabolizable energy) for the duration of the experimental period. Body weights were measured prior to and at the indicated intervals during feeding. For the long-term HFD study, 8-wk-old male mice were maintained on chow diet or HFD for 20 wk and were euthanized at 28 wk of age. Glucose tolerance was assessed prior to euthanasia after 16 wk of feeding. Animals were fasted for 4 h and given an intraperitoneal injection of 20% dextrose at a dose of 1 g/kg of body wt. Blood was collected by saphenous vein puncture under manual restraint, and plasma glucose was assessed by the glucose oxidase method at 0, 20, 40, 90, and 180 min postinjection.
Tissue collection and pathology. Blood was collected from the medial saphenous vein on the inner surface of the hind leg. Prior to tissue collection, mice were euthanized with CO 2 overdose. Measurements of circulating insulin, triglycerides, and glucose were carried out as described previously (49) . Liver tissues were harvested and processed for histological analyses. Coded samples were sent to IDEXX Reference Laboratories (Westbrook, ME) for sectioning, staining, and interpretation.
Lipid analyses by gas chromatography. Fatty acid compositions from blood samples were determined by gas chromatography (GC) as a blinded investigation. Total lipid was extracted by the Folch method (11), and lipid classes (phospholipids, free fatty acids, triglycerides, and cholesterol esters) were separated by one-dimensional thin-layer chromatography. An internal standard was added prior to formation of methyl esters using the procedure of Lepage and Roy (28) . Fatty acid methyl esters were recovered, and the extract was evaporated under nitrogen and redissolved in hexane in preparation for GC separations. Aliquots of the extract (1.0 l) were injected into an Agilent GC 6890 gas chromatograph equipped with an autoinjector, a flame ionization detector (Agilent Technology, Santa Clara, CA), and a fused polar silica capillary column (100 m, 0.25 mm ID, SPE-2560; Supelco, Bellafonte, PA). The GC parameters were as described previously (27) . Fatty acid peaks were identified by comparison of their retention times with those of commercial standards, and the amounts were calculated using Chemstation software (Agilent Technology). Precision and accuracy were evaluated using model mixtures of known fatty acid methyl esters and an established in-house control pool.
Gene expression profiling and quantitative real-time PCR. Gene expression analyses were performed using Affymetrix gene chips (mouse 430 2.0). Each gene on a gene chip is represented by a set of probe pairs (11-20 pairs/gene), and each probe is a 25-mer oligodeoxynucleotide. The probe pair contains one "perfect match" oligodeoxynucleotide whose sequence is derived from the targeted mRNA. A "mismatch" probe, differing only at position 13 in the oligodeoxynucleotide, completes the probe pair and serves as a control for nonspecific hybridization. Reverse transcriptase-directed cDNA synthesis was performed using 10 g of total RNA and an oligo-dT primer that encodes a bacteriophage T7 RNA polymerase promoter. Second-strand synthesis converts the cDNA into a double-stranded DNA template for use in an in vitro transcription reaction. Biotintagged NTPs were used in a T7 RNA polymerase-directed in vitro transcription to produce biotin-labeled cRNA for hybridization to the chip probes. Hybridization was performed at 45°C for 16 h in 0.1 M MES, pH 6.6, 1 M sodium chloride, 0.02 M EDTA, and 0.01% Tween 20. RNAs representing eight prokaryotic genes (dap, thr, lys, and phe from Bacillus subtilis, bio B, bio C, and bio D from Escherichia coli, and cre from bacteriophage P1) were added to each total RNA sample before the initiation of first-strand cDNA synthesis. Each of the prokaryotic genes has been cloned into a transcription vector (bio B, bio C, bio D, and cre into pBluescript-PA; dap, thr, lys, and Phe into pT7PA) that expresses the respective RNA as a polyadenylated transcript. These RNAs are compatible with the biotin-labeling strategy and probe sets since all of these genes are present on all Affymetrix chips. The spiked RNAs were added at different copy number concentrations within the experimental RNA sample, thereby providing a diagnostic for the labeling and hybridization process and serving as a relative standard for evaluating the level of expression for a specific gene in the sample RNA. Gene expression was analyzed using the Affymetrix analysis software (GCOS). An absolute analysis for each chip was used to determine the genes that were expressed in the total RNA sample. Comparative analyses of data sets from two chips were used to determine and quantify changes in gene expression between two RNA populations. Data derived from the neil1 ϩ/ϩ mice fed a chow diet were designated as the baseline for each comparative analysis. Two sets of algorithms were used in determining each gene's change decision (increased, decreased, or no change) and in determining a quantitative estimate of the change in gene expression relative to the baseline sample. This quantitative estimate is termed the signal log ratio and is expressed as a log scale to the base 2. Concordance assays were used to identify genes that showed the same change (increase or decrease) in expression for each RNA sample within an experimental set.
Validations of expression analyses of specific genes were performed using quantitative real-time PCR (QPCR) SYBR Green analysis (Applied Biosystems, Foster City, CA). RNA samples were quantified using a Nanodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE) and analyzed for quality on a RNA Nano Chip using the Agilent 2100 Bioanalyzer (Agilent Technologies). Synthesis of cDNA was performed using the reagents provided in the Taqman Reverse Transcription Reagents Kit (Applied Biosystems) per specifications. QPCR amplifications were performed in triplicate using SYBR Green PCR Master Mix, 900 mM target-specific primers (Integrated DNA Technologies, Coralville, IA), and 2 l of cDNA in a 25-l reaction volume. Specific primer sequences are available on request. All assays were performed as relative QPCR, using 18S as a control. Assays were run on an ABI Prism 7000 Sequence Detection System (Applied Biosystems) using the following protocol: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 60 s.
mtDNA quantitation. mtDNA content was measured as described previously (14) . Briefly, total DNA was isolated from tissues, and three separate mitochondrial DNA targets were amplified by real-time PCR using gene-specific primers. Results are expressed normalized to 18S rRNA for genomic DNA content. Primer sequences are available upon request.
Western blot analyses. Liver sections were homogenized in modified RIPA buffer, quantified by the Bradford method, and separated by SDS-PAGE. Mitochondrial protein content was determined by blotting for mitochondrial proteins using primary antibodies against complex IV, subunit 1, or porin (Mitosciences, Eugene, OR) followed by blotting with fluorescently tagged secondary antibodies. Blots were quantitatively imaged using the LiCor immunofluorescence detection system. Protein loading was confirmed by blotting for GAPDH (Sigma-Aldrich, St. Louis, MO).
RESULTS
NEIL1 deficiency increases susceptibility to obesity and hyperlipidemia. As described previously, deletion of the neil1 gene was frequently associated with visceral obesity and fatty liver disease predominantly in male mice (49) . To gain insight into the prevalence of obesity in our neil1 Ϫ/Ϫ colony, we undertook retrospective analyses of body weights in 187 male and female neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ counterparts.
The analyses spanned 5 years and included neil1 Ϫ/Ϫ mice at varying stages of backcrossing into a C57BL/6 background. The data shown in Fig. 1 represent the percentage of each of the colonies that achieved a body weight in excess of 40 g at the indicated age, corresponding to a body fat percentage Ն35%. Both male and female neil1 Ϫ/Ϫ mice demonstrated stronger tendencies to be heavier relative to neil1 ϩ/ϩ counterparts (Fig. 1 ). These data indicate that NEIL1 deficiency increases the susceptibility to weight gain and obesity in mice. It is interesting to note that, even at 24 mo of age, we did not observe 100% penetrance of the obesity phenotype in neil1
mice. This is not entirely unexpected, as varying extents of DNA damage in neil1 Ϫ/Ϫ mice, as well as the localization of this damage to specific tissues, may affect the penetrance of obesity in these animals. Therefore, although NEIL1 deficiency predisposes animals to weight gain, it is not an absolute determinant of increased body weight in mice. and neil1 Ϫ/Ϫ mice at 6 -9 mo of age (A) and in male neil1 Ϫ/Ϫ mice at 3 and 9 mo of age (B), respectively. Plasma insulin levels were modestly elevated in neil1 Ϫ/Ϫ mice but only reached statistical significance in female mice. Plasma triglycerides were significantly elevated in male neil1 Ϫ/Ϫ mice starting as early as 3 mo of age relative to age-matched neil1 ϩ/ϩ counterparts. Data are expressed as means Ϯ SE of 6 -10 animals/group. *P Ͻ 0.05 vs. neil1 ϩ/ϩ .
In addition to following the progression of obesity, plasma glucose, insulin, and lipids were also evaluated periodically in these animals between 3 and 12 mo of age. Overnight fasting glucose values showed no significant differences throughout the lifespans of both male and female neil1 Ϫ/Ϫ relative to controls (data not shown). Circulating insulin levels were modestly elevated in both male and female neil1 Ϫ/Ϫ mice, but this difference was statistically significant only in female mice ( Fig. 2A) . Starting as early as 3 mo of age, prior to the development of overt differences in body weight, plasma triglycerides were significantly elevated in male neil1 Ϫ/Ϫ mice (Fig. 2B) . In addition to triglycerides, other circulating lipid species as well as the fatty acyl composition of these lipids are known to influence disease susceptibility (33) . Plasma free fatty acids, phospholipids, and cholesterol esters were all slightly elevated in male neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ controls ( Table 1) . Plasma triglycerides were significantly higher in neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ controls. To determine whether NEIL1 deficiency results in altered fatty acid composition of circulating lipids, fatty acyl chain composition of plasma lipids was determined by GC (Table 1) . Rather than a selective increase in particular fatty acids, neil1 Ϫ/Ϫ mice had increased levels of almost all fatty acids in the triglyceride fraction (Table 1) . Although neil1 Ϫ/Ϫ mice had elevated levels of these circulating lipids, visualization of aortic tissues from obese (45-55 g) neil1 Ϫ/Ϫ mice showed no significant evidence of atherosclerotic plaque formation (Dr. Scott Ballinger, University of Alabama Birmingham, personal communication).
Neil1 Ϫ/Ϫ mice have no difference in food intake or wheel running but display significantly reduced metabolic rates. Since previous analyses were carried out on first-generation backcrossed neil1 Ϫ/Ϫ mice that were a genetic hybrid between C57BL/6 and 129/SvEv, it was hypothesized that this genetic heterogeneity could be a potential source of phenotypic variability with regard to symptoms associated with metabolic syndrome. To address this possibility, male heterozygotic mice were bred with female C57BL/6 mice until 8th-generation backcrossed heterozygotic mice were obtained. These mice were mated and offspring genotyped, with expected Mendelian ratios of neil1
, and neil1 ϩ/ϩ observed. A sufficient number of heterozygotic matings to yield at least 10 each of male neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice were established. All the studies described below were carried out in age-matched male neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice fully backcrossed onto a C57BL/6 background.
Given the increased susceptibility to weight gain in male neil1 Ϫ/Ϫ mice, we were interested in determining the mechanisms leading to a positive energy balance in these animals. Food intake and voluntary physical activity were measured in individually housed male neil1 Ϫ/Ϫ and neil1 ϩ/ϩ littermates. There were no differences between genotypes in feeding patterns during the light phase (Fig. 3, A and B) . However, during the dark phase, neil1 Ϫ/Ϫ mice spent slightly more time feeding and frequenting the hoppers relative to neil1 ϩ/ϩ littermates (Fig. 3, C and D, respectively) . Despite these modest differences in feeding behavior, neil1 Ϫ/Ϫ mice did not consume significantly more food than neil1 ϩ/ϩ counterparts (not shown). To determine whether voluntary physical activity was different between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ animals, mice were placed in cages fitted with a running wheel, and wheel running was measured continuously for 10 consecutive 12:12-h darklight cycles. Neil1 Ϫ/Ϫ mice tended to have a modest reduction in voluntary wheel running relative to neil1 ϩ/ϩ mice across both dark and light cycles, but these differences were not statistically significant (Fig. 3E) .
Previously, no significant phenotypic differences were observed in neil1 Ϫ/Ϫ mice relative to their neil1 ϩ/ϩ littermates through their first 6 mo of life, with the exception of increased circulating leptin levels, which, similarly to plasma triglycerides (Fig. 2B) , were observed as early as 3 mo of age (49) . To determine whether alterations in metabolic rate may also precede changes in total body weight in neil1 Ϫ/Ϫ mice, energy expenditure was measured by indirect calorimetry in 14-wk-old male mice. Immediately prior to the analyses, mice were weighed, and body composition was measured by NMR (Fig. 4A) . Although neil1 Ϫ/Ϫ mice were not significantly heavier, they had reduced lean body mass and increased fat mass compared with neil1 ϩ/ϩ counterparts (Fig. 4A ). Total O 2 consumption (Fig.  4B ) as well as CO 2 production (Fig. 4C ) measured by indirect calorimetry were significantly decreased in neil1 Ϫ/Ϫ mice relative to their neil1 ϩ/ϩ counterparts. This difference was significant across both day and night cycles and remained significant even when normalized to total body weight (P Ͻ 0.005; data not shown). Interestingly, when normalized to lean body mass, the more metabolically active component of total body mass (3), the difference between genotypes in O 2 con- Table 1 . Plasma fatty acid composition
Free Fatty Acid, g/ml Cholesterol Ester, g/ml Triglyceride, g/ml Ϫ/Ϫ mice had a generalized increase in almost all major fatty acids in circulating triglycerides relative to neil1 ϩ/ϩ animals. Levels of major plasma fatty acid species as well as total fatty acids in each fraction are shown. *P Ͻ 0.05 vs. neil1 ϩ/ϩ . sumption ( Fig. 4D ) and CO 2 production (not shown) was ablated, suggesting that alterations in body composition may underlie the reduction in energy expenditure (Fig. 4 , B and C) observed in neil1 Ϫ/Ϫ mice. The respiratory exchange ratio, an indicator of substrate oxidation in animals, was not significantly different between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ animals (not shown).
Neil1 Ϫ/Ϫ mice have increased adiposity following a HFD challenge. Since NEIL1 catalyzes the repair of oxidatively damaged DNA bases, we hypothesized that the development of metabolic abnormalities may be accelerated in neil1 Ϫ/Ϫ mice upon exposure to oxidative stress. Therefore, neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice were exposed to an acute oxidative stress in the form of a short-term HFD. Twenty-two-week-old male neil1 Ϫ/Ϫ mice and neil1 ϩ/ϩ counterparts were individually housed and placed on a 60% HFD for 5 wk. Over the feeding period, neil1 Ϫ/Ϫ mice gained significantly more body weight than their neil1 ϩ/ϩ counterparts (Fig. 5A ). Body composition evaluated by DEXA analyses was not significantly different between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice at this age prior to HFD feeding (Fig. 5, B and C) . However, following 5 wk of HFD-feeding, neil1
Ϫ/Ϫ mice had a significantly higher fat mass than neil1 ϩ/ϩ mice (Fig. 5B ). Lean body mass as percent of body weight was slightly reduced in neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ mice after HFD feeding (Fig. 5C ). Since increased adiposity is a known risk factor for hepatic lipid accumulation, mice were euthanized and hepatic lipids visualized by hematoxylin and eosin staining of fixed liver sections. Coded tissues were analyzed by IDEXX Reference Laboratories; each IDEXX descriptor was assigned a numeric value corresponding to the level of severity of hepatic steatosis as follows: normal (0), mild steatosis (1), mild to moderate (2), moderate (3), moderate with cytoplasmic microvesiculation (4), moderate to severe (5), moderate to severe with cytoplasmic microvesiculation (6), and severe (7). Whereas livers from HFD-fed neil1 ϩ/ϩ samples showed only mild steatosis with an average score of 1.0 (Fig. 6) , neil1 Ϫ/Ϫ livers showed moderateto-severe steatosis with an average score of 5.6 (Fig. 6) .
HFD-fed neil1 Ϫ/Ϫ mice have increased hepatic expression of inflammatory genes. To gain further insight into the metabolic perturbations elicited by HFD feeding in neil1
Ϫ/Ϫ mice, changes in hepatic gene expression patterns were analyzed on Affymetrix 420 2.0 microarray chips. These chips did not include mitochondrially encoded genes. Comparisons of the data sets were filtered for a minimum twofold change, and a concordance analysis requiring the same directional expression for each set of paired samples was performed. Table 2 lists 12 genes (11 increases, 1 decrease) that demonstrated at least a twofold change in each of the neil1 ϩ/ϩ and neil1 Ϫ/Ϫ liverderived data sets. The changes identified by Affymetrix gene expression analyses were confirmed by real-time PCR, although the absolute fold change did vary between the two types of assays (Table 2 ). Since the analyses described above were restricted to differential gene expression between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice on HFD, it was of additional interest to determine whether the same genes were also differentially expressed in the mice maintained on a chow diet. Therefore, the expression of these genes was analyzed by real-time PCR in livers of chow-fed neil1 ϩ/ϩ vs. neil1 Ϫ/Ϫ mice. Of the 12 genes that were differentially expressed between HFD-fed neil1 ϩ/ϩ vs. neil1 Ϫ/Ϫ mice, five genes were not Fig. 3 . Feeding behavior and physical activity. The duration (A and C) and frequency (B and D) of access to food hoppers during light and dark phases were measured in male mice. Compared with neil1 ϩ/ϩ animals, neil1 Ϫ/Ϫ mice spent significantly more time feeding and frequenting the hoppers only during the dark phase. Despite this modest difference in feeding behavior, there was no difference in average food intake between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice (not shown). E: voluntary wheel running activity was assessed over 10 consecutive dark and light cycles in neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice. Although neil1 Ϫ/Ϫ mice tended to have reduced voluntary wheel running relative to neil1 ϩ/ϩ counterparts, these differences were not statistically significant. Data are expressed as means Ϯ SE of 5-6 animals/group. *P Ͻ 0.05 vs. neil1 ϩ/ϩ . similarly regulated in chow-fed mice, whereas the rest were regulated in a similar manner in neil1 ϩ/ϩ vs. neil1 Ϫ/Ϫ mice regardless of dietary condition. The majority of altered genes were associated with hepatic injury and inflammation. Genes involved in lipid metabolism and energy homeostasis pathways were not among the genes differentially regulated between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice. Additionally, to determine whether the integration of the neil1 targeting vector could have disrupted the expression of genes in the vicinity of the neil1 gene, the Affymetrix data were analyzed for changes in expression of four genes 5= and three genes 3= to neil1 [snurportin 1; protein tyrosine phosphatase, nonreceptor type 9 location; 2700012I20Rik hypothetical protein; Sin3a, transcriptional regulator, mannosidase, ␣, class 2C, member 1; COMM domain containing 4; 1700041C23Rik (protein coding, unknown function); taste receptor protein 1]. None of these genes were either up-or downregulated Ͼ1.3-fold, leading us to conclude that the phenotypic changes in neil1 Ϫ/Ϫ mice can be attributed to modulation of neil1 expression alone.
Long-term HFD impairs glucose tolerance in neil1
Ϫ/Ϫ mice. Since neil1 Ϫ/Ϫ mice display several features of the metabolic syndrome, including increased body weight and adiposity and increased hepatic lipid accumulation, we were interested in determining whether a long-term HFD regimen known to impair glucose tolerance would differentially affect neil1 Ϫ/Ϫ mice. Therefore, 8-wk-old male neil1 ϩ/ϩ and neil1 Ϫ/Ϫ animals were maintained on the HFD for 20 wk. Over the feeding period, chow-fed neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice gained similar amounts of weight (not shown). However, HFD-fed neil1 Ϫ/Ϫ mice gained more body weight than HFD-fed neil1 ϩ/ϩ counterparts (28.1 vs. 25.7 g, respectively, P ϭ 0.02). After 16 wk of feeding, glucose tolerance was measured in both chow-fed and HFD-fed mice. No differences were observed in adipose tissue distribution or histology between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ mice (Supplemental Fig. S1 ; Supplemental Material is available online at the AJP-Endocrinology and Metabolism web site). On a chow diet, there were no significant differences between neil1 ϩ/ϩ and neil1 Ϫ/Ϫ animals in terms of glucose clearance (Fig. 7A ). However, after HFD feeding neil1 Ϫ/Ϫ mice had significantly higher baseline plasma glucose levels than their neil1 ϩ/ϩ counterparts. Additionally, plasma glucose remained elevated above neil1 ϩ/ϩ levels at 90 and 180 min after glucose administration, indicating delayed glucose clearance after HFD feeding in neil1 Ϫ/Ϫ mice. Plasma insulin levels were also measured at 0 and 180 min after glucose injection (Fig. 7B) . HFD feeding increased plasma insulin in both ϩ/ϩ and neil1 Ϫ/Ϫ animals. When measured 180 min after glucose administration, plasma insulin levels were elevated in both chow-fed and HFD-fed neil1 Ϫ/Ϫ mice relative to their respective neil1 ϩ/ϩ counterparts (Fig. 7B) . Combined with the sustained hyperglycemia observed in HFD-fed neil1 Ϫ/Ϫ mice (Fig. 7A) at this time point, the elevated plasma insulin levels suggest a state of insulin resistance in neil1 Ϫ/Ϫ mice, especially after HFD feeding.
HFD-fed neil1 Ϫ/Ϫ mice have reduced hepatic mtDNA content. Given the role of NEIL1 in repairing oxidative damage to DNA, we hypothesized that the increased susceptibility to obesity in neil1 Ϫ/Ϫ animals may be a consequence of alterations in mtDNA content, a measure of cellular mitochondrial mass. Therefore, mtDNA levels were determined by real-time PCR in both chow-fed and HFD-fed animals. Despite significant interanimal variability, which is not unexpected given the heteroplasmic nature of mtDNA, Atp6 and Nd5 levels were significantly lower in HFD-fed neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ counterparts (Fig. 8A) . Levels of Cox2 were not significantly altered. These data indicate that NEIL1 deficiency causes a measurable reduction in hepatic mtDNA content upon exposure of cells to an oxidative stress such as HFD feeding. Additionally, hepatic content of mitochondrial proteins was also measured by Western blotting. Levels of both a mitochondrially encoded protein (complex IV, subunit 1) as well the mitochondrial marker protein porin were significantly reduced in livers of neil1 Ϫ/Ϫ mice (Fig. 8B) . Consistent with the reduction in mtDNA levels (Fig. 8A) , the reduction in the mitochondrially encoded protein was particularly substantial (Fig. 8B) .
DISCUSSION
Neil1
Ϫ/Ϫ mice display a strong tendency for development of features of the metabolic syndrome, especially when exposed to oxidative stress. It is important to note that the absence of NEIL1 is not an absolute determinant of the development of obesity but rather a predisposing factor. It is possible that subtle variations in environmental conditions and genetic/ epigenetic factors significantly influence disease manifestation. Alternatively, it is possible that since neil1 encodes for a DNA repair enzyme, varying extents of accumulation of DNA damage in individual mice and the tissue localization of such damage ultimately influence the development and severity of the metabolic phenotypes in neil1 Ϫ/Ϫ animals. At least two human polymorphic variants of neil1 have been described, resulting in loss of DNA glycosylase activity (39) . Although the mechanisms linking DNA repair to metabolic syndrome are yet to be elucidated, it is interesting to note that in addition to the neil1 Ϫ/Ϫ model, male-specific obesity has also been reported in mice lacking OGG1 (ogg1 Ϫ/Ϫ ), another DNA glycosylase involved in the repair of oxidatively induced base damage (1) . Although this previous study was designed to investigate tumor induction in ogg1 Ϫ/Ϫ mice, male and female ogg1 Ϫ/Ϫ mice were observed to have weight gains nearly identical to neil1 Ϫ/Ϫ mice (1, 49) . Further characterization of this obesity phenotype in ogg1 Ϫ/Ϫ mice has not yet been reported.
BER, catalyzed by DNA glycosylases, has often been ascribed a "housekeeping" function in the maintenance of genomic stability. This pathway is almost exclusively responsible for monitoring the genome for endogenous base damage caused by base susceptibility to alkylation, deamination, saturation, and oxidation as well as base loss. BER is also responsible for the repair of the mitochondrial genome that is inherently more susceptible to damage from oxidative species (7, 10, 29) . The biological effects of deficiencies in mtDNA repair are not well understood, particularly because knockouts of the coding region of DNA glycosylases inactivate repair in both mitochondria as well as the nucleus. Nevertheless, we reported previously that neil1 Ϫ/Ϫ mice accumulate PCR blocking lesions and deletions in mtDNA at significantly higher frequencies than neil1 ϩ/ϩ mice (49) . The reductions in several mtDNA targets in HFD-fed neil1 Ϫ/Ϫ mice (Fig. 8A ) suggest accelerated oxidative aging in these animals. Similar reductions in mtDNA have been described in other metabolic conditions, including alcohol-induced hepatic steatosis and a model of adolescent ϩ/ϩ and neil1 Ϫ/Ϫ mice were placed on a HFD containing 60% fat by calories for 5 wk, and body weights were measured at the indicated time points. B and C: additionally, body composition was measured by dual-energy X-ray absorptiometry analysis analysis before and after the HFD challenge. B: %fat mass was increased by HFD feeding in all animals but was significantly higher in neil1 Ϫ/Ϫ mice relative to neil1 ϩ/ϩ . C: lean mass, as a percent of body weight, was slightly lower in HFD-fed neil1 Ϫ/Ϫ mice compared with neil1 ϩ/ϩ counterparts. Data are expressed as means Ϯ SE of 5-6 animals/group. *P Ͻ 0.05 vs. neil1 ϩ/ϩ .
insulin resistance (12, 14, 30, 31) . Further investigations are warranted concerning oxidative damage to nucleic acids and cellular proteins in liver and tissues such as skeletal muscle that contribute significantly to organismal energy balance. Although the issue of mitochondrial damage and mitochondrial biogenesis is still controversial, several lines of evidence suggest that reductions in mtDNA content or quality can result in impairments in mitochondrial function. The most notable example of this is in the case of aged tissue. Aging is associated with reductions in DNA repair capacity and, consequently, increased mtDNA damage and reduced mtDNA content in multiple tissues, including liver and skeletal muscle (2, 26) . Therefore, although in the short-term mtDNA damage such as that induced by ROS may trigger a hormetic response by increasing mitochondrial biogenesis (18) , in a model of premature oxidative aging it is plausible that reductions in mtDNA repair would in fact result in impairments in mitochondrial number and function. Ongoing studies concerning the effects of NEIL1 deficiency on mitochondrial function should clarify the precise roles of the observed reductions in mtDNA and proteins in neil1 Ϫ/Ϫ mice (Fig. 8) .
One of the primary functions of mitochondria is to generate ATP via oxidative phosphorylation, and indeed, several mitochondrial insufficiencies, such as those observed in mice expressing proofreading-deficient DNA polymerase-␥ (47), are characterized by reduced energy supplies and consequent weight loss. However, an intact mitochondrial respiratory chain also serves the important function of oxidizing NADH to NAD. This mitochondrially generated NAD is critical to another key mitochondrial function, fatty acid ␤-oxidation, since the oxidative enzyme 3-hydroxyacyl-CoA dehydrogenase is an NAD-dependent enzyme. Therefore, it is plausible that the reduction in hepatic mitochondrial content in HFD-fed neil1 Ϫ/Ϫ mice could lead to a reduction in fat oxidation in these mice, consistent with their increased adiposity. We have also observed that following a long-term HFD, neil1 Ϫ/Ϫ mice have a markedly different pattern of hepatic lipid accumulation characterized by microvesicular lipid droplets rather than macrovesicular lipid deposition observed in neil1 ϩ/ϩ mice (Sampath H and Lloyd RS, unpublished data). Microvesicular steatosis is a characteristic feature of defects in hepatic fat oxidation and has been described in other metabolic derange- ments such as alcoholic steatosis (12) . Further studies are required to clarify whether the observed reductions in mtDNA and protein content (Fig. 8 ) result in impairments in mitochondrial function in neil1 Ϫ/Ϫ mice. Apart from increases in fat mass, it is interesting to note that lean body mass is reduced in neil1 Ϫ/Ϫ animals (Fig. 4A) . This is particularly interesting given that the observed reductions in V O 2 (Fig. 4B) were abolished when the V O 2 was normalized to lean body mass (Fig. 4D) but not when normalized to total body weight (not shown). These results suggest that NEIL1 function may be important in maintaining lean body mass and that this function of NEIL1 may help protect against accelerated weight gain.
In addition to increased weight gain, neil1 Ϫ/Ϫ mice are more susceptible to developing increased circulating triglycerides (Fig. 2B) and HFD-induced hepatic lipid accumulation (Fig. 6) . Analyses of hepatic gene expression revealed a significant increase in genes associated with activation of hepatic or systemic inflammatory pathways ( Table 2) . Upregulation of metallothionein 2 (Mt2) as well as ApoA4 gene transcription has been shown to be important for the regeneration of damaged liver tissue from hepatectomy and injury (20, 38, 46) . Mt2 is also known to have a protective role against oxidative stress (25) . Thus, the increase in transcript levels of hepatic Mt2 in both chow-and HFD-fed neil1 Ϫ/Ϫ mice is suggestive of increased levels of oxidative stress in the livers of these mice. Apoa4 is also known to be a positive acute-phase protein (22) , Fig. 8 . Hepatic mitochondrial DNA (mtDNA) and protein content. A: hepatic mtDNA content was measured by real-time PCR and normalized to genomic DNA (18S) content. Three different mtDNA targets were analyzed. HFD-fed neil1 Ϫ/Ϫ mice had significantly reduced levels of ATP synthase, subunit 6 (Atp6), and NADH dehydrogenase 5 (Nd5) relative to neil1 ϩ/ϩ counterparts, indicating reduced mitochondrial content in livers of these mice. Horizontal bar indicates mean value for each group, and data are expressed relative to chow-fed neil1 ϩ/ϩ mice. B: mitochondrial protein content was measured in liver homogenates from chow-and HFD-fed mice.
Ϫ/Ϫ mice had reduced levels of the mtDNA-encoded subunit of complex IV (CIV-I) as well as the mitochondrial membrane protein porin. Western blotting data are representative of 5-7 animals/group. Quantitation numbers are averages of relative fluorescence units per group expressed relative to chow-fed neil1 ϩ/ϩ mice. *P Ͻ 0.05 vs. neil1 ϩ/ϩ . Cox2, cytochrome c oxidase subunit 2. ϩ/ϩ and neil1 Ϫ/Ϫ animals were injected with 1 g glucose/kg body wt, and plasma glucose was measured at the indicated time points. Glucose clearance was significantly delayed in HFD-fed neil1 Ϫ/Ϫ mice. B: plasma insulin was also measured before and 180 min after glucose injection. Plasma insulin was significantly higher in both chow-fed and HFD-fed neil1 Ϫ/Ϫ mice 180 min after glucose injection relative to their respective neil1 ϩ/ϩ counterparts. Data are expressed as means Ϯ SE of 5-7 animals/group. *P Ͻ 0.05 vs. neil1 ϩ/ϩ .
whereas lipocalin 2 and serum amyloid A1 and A2 are all associated with inflammation and insulin resistance (40, 51, 52) . Additionally, ecto5=-nucleotidase contributes to the formation of extracellular adenosine and has been linked to hepatic fibrosis (37) . Annexin A2 (Anxa2) and S100 calciumbinding protein A10 are known to exist in a heterotrimeric complex and have also been implicated in the inflammatory response (43) . Although the upregulation of inflammatory genes in the fatty livers of neil1 Ϫ/Ϫ mice is not entirely surprising, the increased expression of a subset of these inflammatory genes, including ApoA4 and Anxa2, in chow-fed neil1 Ϫ/Ϫ mice is very intriguing. Additionally, the only gene that was downregulated in neil1 Ϫ/Ϫ livers, solute carrier organic anion transporter (Slco1a1), is also associated with the action of inflammatory cytokines such as TNF␣ (13) . Indeed, chronic activation of inflammatory pathways, especially in organs such as liver and adipose tissue, is triggered by alterations in nutrient availability and often accompanies metabolic dysfunction (6, 19, 41) . In fact, a recent study in mice lacking the Toll-like receptor-5 (TLR5) reported metabolic phenotypes generally similar to those observed in neil1 Ϫ/Ϫ mice, including increased body weight, fat mass, and circulating triglycerides, as well as severe hepatic steatosis (50) . These metabolic phenotypes in tlr5 Ϫ/Ϫ mice were accompanied by alterations in gut microbiota, leading to increased inflammation in adipose tissue of these mice. Although the effects of NEIL1 deficiency on gut health and energy efficiency are not known, the hepatic induction of inflammatory genes in neil1 Ϫ/Ϫ mice (Table 2 ) suggests that either systemic or tissue-specific activation of inflammatory cascades in these animals, potentially due to increased signals of oxidative stress, may underlie their predisposition to weight gain.
Based on the results presented here, we propose that NEIL1 deficiency lowers the threshold for tolerance of oxidative damage in animals. A reduced ability to repair oxidative damage is consistent with the increased mtDNA deletions observed previously in neil1 Ϫ/Ϫ mice (49) as well as the reductions in mtDNA and protein content in livers of these mice upon HFD feeding. Increased oxidative stress could also serve as a trigger for the hepatic inflammation observed in neil1 Ϫ/Ϫ mice (Table 2) . Additionally, induction of inflammatory pathways has been shown to induce oxidative stress and damage that is, at least in part, repaired by the actions of NEIL1 (36) . These changes induced by a reduction in oxidative tolerance in neil1 Ϫ/Ϫ mice could result in the changes in body composition and reduced energy expenditure observed in neil1 Ϫ/Ϫ mice (Fig. 4) . Ongoing studies are aimed at understanding the precise nature of mitochondrial dysfunction and hepatic inflammation resulting from inactivation of DNA glycosylases and the mechanistic contribution of DNA repair pathways to the maintenance of lean body mass, substrate oxidation, and energy homeostasis.
